We report on a theoretical and experimental study performed on AlAs/GaAs micropillar cavities containing InGaAs quantum dots as active medium. The devices have the interesting property of having almost all emission (spontaneous and stimulated) channelled into one cavity mode. They are excellent experimental platforms for studying laser physics because their emission behaviours question our understanding of lasing action. Analysis of spectrally-resolved photoluminescence and photon autocorrelation will be discussed and a physically definitive criterion for lasing applicable to all systems will be presented.
INTRODUCTION
There has been a long-standing debate over the question "What is a laser?" [1] . This question has become timely important with the development of cavity enhanced micro-and nanocavities exhibiting spontaneous emission coupling factors (f-factors) close to the limiting case of thresholdless lasing with β = 1 [2, 3] . In this context, the development of low-threshold micro-and nanolasers has become an important interdisciplinary research topic in recent years, encompassing epitaxy growth and lithographic chemistry, spectroscopic and photon correlation measurements, with important impact also in quantum optics and quantum electronic physics [4, 5] . The interest in using high-β cavities operating in a regime governed by cavity electrodynamics (cQED) effects extends beyond lasers to light-emitting diodes (LEDs) and provides the experimental opportunity to study the intricate interplay between classical cavity-mode confinement and quantum optics [6, 7] . Typically, lasing is identified by a noticeable linewidth narrowing, i.e. coherence time increase in combination with a non-linearity in the io-curve [8] [9] [10] . We highlight that these two indications are insufficient proof for lasing in high-β emitters. Indeed, in our comprehensive experimental and theoretical study we investigate not only the intensity and linewidth dependence, but also the second-order photon autocorrelation of quantum dot micropillar cavities operating purely as LEDs, as lasers and as cavity-enhanced LEDs. In this context it is interesting to note that photon correlations have been largely ignored by the laser engineering community because it is deemed unnecessary for emitters operating with conventional resonators. In contrast to the field of applied nanophotonic, the quantum optics community has long studied photon statistics in terms of the equaltime second-order photon auto-correlation function g (2) (τ) [11] [12] [13] [14] [15] . This function provides important information about the emission process as g (2) (0) reduces from 2 to 1 when the emitted light transitions from spontaneous emission dominated to predominately stimulated emission as a clear indication of the lasing action.
SAMPLE TECHNOLOGY AND EXPERIMENTAL SETUP
The micropillar emitters under study are based on planar AlAs/GaAs microcavity structures with a single layer of InGaAs quantum dots acting as active medium, cf. Fig. 1 . The pillars with diameter between 1.7 and 2.5 µm are realized by high-resolution electron-beam lithography and plasma reactive ion etching. A slight radial asymmetry in heterostructure layer thicknesses results in a wafer-position dependent detuning between the fundamental cavity mode and quantum dot resonance which allows for a post-growth control of modal gain. By varying additionally the pillar diameter we are able to fabricate emitters showing only luminescence (LED behaviour), cavity-enhanced spontaneous emission, and high-β lasing. For more detail on the fabrication we refer to Ref. [16] .
All experiments are performed at 10 K by using a liquid-helium flow cryostat. We apply continuous wave excitation at 840 nm in resonance with the wetting layer of quantum dots in the active region. Microphotoluminescence (µPL) experiments are performed using either a spectrometer with a spectral resolution of 25 µeV or a scanning Fabry-Pérot interferometer with a spectral resolution of 0.5 µeV. In addition, the setup is equipped with a fiber-coupled Hanbury-Brown and Twiss (HBT) configuration with temporal resolution of 260 ps to measure the second-order photon auto-correlation function.
THEORY
The emission properties of the microlasers are described by a CQED model which is derived in the Heisenberg Picture using a cluster expansion method. In this way we obtain a closed set of equations of motion for the polarization photon population and electron (hole) carrier population ( ℎ ) [13, 15, 17] 
where the subscript = e (h) labels the electron (hole). Important parameters are the dephasing rate , the cavity photon decay rate 2 , the spontaneous emission rate into nonlasing modes and the nonradiative carrier-loss rate , which are obtained from the experimental data. The last term in Eq. (3) contains the laser pump power P, photon energy ℏ and carrier injection efficiency , which accounts for the fraction of photoexcited carriers that populate the quantum-dot levels.
is the number of quantum dots within an inhomogeneously broadened active medium that are resonant with the microcavity field. The light-matter coupling coefficient is
where ℘ is the bulk material dipole matrix element, is the laser field frequency, is the optical mode volume, is the background permittivity, is the amplitude of the passive optical mode eigenfunction at , which is the location of the QDs within the optical cavity, and the summation involves the overlap of the electron and hole envelop functions ( ) and ( ) over all unit cells within the active region.
In order to calculate the emission linewidth and g (2) (τ), we use Δ = �2 ∫ involving photon annihilation and creation operators and † , are evaluated under a stationary condition. The -factor is computed by taking emission into the laser mode and into non-lasing modes into account:
with the steady-state solution of ′⁄ = ℎ . We refer to Ref. 23 for more details about the theoretical approach.
RESULTS AND DISCUSSION
We investigate the emission properties of five micropillars A-E. The experimental input parameters for the modelling such as the Q-factor are directly obtained from µPL spectra, and the β-factor and N QD are extracted by simultaneously fitting experimental curves for intensity and linewidth versus pump power. As we will show in the following two of the devices (micropillars A and B, with 1.7 µm and 2.0 µm diameters, respectively) operate as LEDs; micropillar C acts as cavity-enhanced LED (2.0 µm diameter); micropillars D and E (2.5 µm diameters) are lasers.
Figure 2. Input-output dependencies of five QD-micropillars (emitters A-E) under study: (a) LEDs, (b) cavityenhanced LED and (c) lasers. The right ordinate presents the calculated average intra-cavity photon number n p in the relevant cavity mode. The dashed lines indicate the nominal lasing determined by n p = 1.
The steady-state input-output characteristics of the five devices are presented in Fig. 2 (symbols: experimental data, gray curves: theory). The comparison between experiment and theory allows us to extract the aforementioned model parameters. It also provides a calibration for the detector setup, enabling the conversion of detector counts to intra-cavity photon numbers n p. This number is a central figure for our work and n p reaches an excess of unity for emitters C, D and E, whereas it maximizes below unity for the non-lasing emitters A and B at saturation. This observation, in combination with either saturation or S-shape of the io-curve suggests nonlasing behavior for emitters A and B, and lasing-operation for C, D and E. This interpretation is in agreement with a pronounced power-dependent linewidth decrease of close to two orders of magnitude for emitters C, D, and E, while emitters A and B show only minor a decrease of the emission linewidth by a factor of about two (not shown).
In the following we discuss the importance of measuring the photon statistics in order to unmistakably prove laser action of the high-β emitter. The underlying concern is that the plot in Fig. 3(b) may easily be mistaken as evidence for lasing in an ideal = 1 device because of the basically straight log-log input-output curve. Techniques and equipment for determining g (2) (0) have continuously be improved in recent years because of the importance of characterizing single-photon and entangled-photon sources and verify laser action in high-β devices. Performing the necessary HBT involves the challenge that the coherence time of emission, which determines the timescales of g (2) (τ), is usually much shorter than the timing resolution of the single-photon counting based HBT setups. (2) (0) versus pump power for all the devices. The data indicating thermal emission are obtained by analyzing the area under the g (2) (τ) function [23] , whereas the data showing the onset of stimulated emission or lasing are obtained directly by fitting the convolved model function to the HBT measurements. In case of emitter C, like LEDs A and B, g (2) (0) stays at approximately 2 in the whole excitation power range. In contrast, lasing emitters D and E clearly exhibit a transition from thermal light to coherent light. The gray curves are from the model, using the same input parameters as in Fig. 2 . Interestingly, Fig. 3(b) depicts a peculiar behavior for emitter C: g (2) (0) first reduces with increasing excitation, then reverses at approximately 100 µW pump power and eventually approaches g (2) (0) = 2 for pump power >1 mW. This is an important result which shows that, despite the indications from Figs. 3b, emitter C does not represent a high-β laser but acts as cavity enhanced LED. It is also an instructive example of the importance of g (2) (0) measurements. Another peculiarity is observed for micropillar E featuring g (2) (0) > 2 at low excitation power. This super-thermal bunching indicated superradiance which is presently subject of intensive research activities [24, 25] and which is discussed in more detail in [23] .
CONCLUSIONS
We reported on microscale emitters with near-unity spontaneous-emission factor (β≲1) with a particular focus on their unique emission properties during the transition from spontaneous emission to lasing. Comprehensive experimental and theoretical studies were performed on structures ranging from LEDs to lasers. Our work demonstrates the importance of measuring and calculating the second-order intensity correlation g (2) (τ) as a function of pump power to fully characterize the emitters and to unambiguously distinguish be lasing and nonlasing devices, and from structures showing superradiant emission. We also provide a deep understanding of the physics underlying the broad range of behaviours of a family of emitters. We conclude that laser (or non-laser) action comes from achieving a given photon number above unity, and device parameters, such as the Q-factors determine the lasing threshold by affecting the intra-cavity photon number.
